Abstract: A temperature sensor based on fibre Bragg gratings has been used to monitor human respiration. We discuss the thermodynamic properties of the sensor and present the general performance characteristics of the system.
I. INTRODUCTION
Respiration is a critical physiological function and the monitoring of respiration can provide important information to physicians, including the indication of disease states, such as pneumothorax or chronic obstructive pulmonary disease. A novel way to monitor a patient's respiration is to use a fibre Bragg grating (FBG) temperature sensor. In addition to its high sensitivity, this optical fibre sensor is immune to electromagnetic interference, relatively non-invasive and intrinsically safe.
II. PRINCIPLE AND SYSTEM ARRANGEMENT

A. Principle
In applying FBGs to respiration monitoring, the temperature change between inspired and expired air can be used to characterize the respiration process. The temperature change leads to a change in the periodicity of the refractive index variation in the core of the FBG. The resultant Bragg wavelength shift is proportional to temperature change. For the fibre gratings used in this study, with Bragg wavelength B = 1550 nm, the typical Bragg wavelength dependence as a function of temperature is
FBGs can readily cover the temperature difference found between typical expiration and inspiration (approximately 15-20°C) and their low thermal mass makes them ideal respiration sensors, provided that the measurement system used can resolve wavelength shifts of tens of picometers.
B. Fibre fabrication and sensing arrangement
A standard phase mask exposure technique was used to fabricate the FBGs. Standard telecommunication fibres were sensitised by hydrogenation before exposure to a 200 mW 244 nm laser beam produced by a frequency-doubled argonion laser. After fabrication, gratings were annealed to accelerate the outgasing of the hydrogen and hence stabilise the sensor. They were also recoated with polyimide to maintain the strength and flexibility of the fibre and protect the glass surface from damage after annealing.
The detection arrangement, based on a specially matched pair of FBGs connected by a fibre optic circulator [1] , is shown in Figure 1 . A low power (2 mW) 1550 nm laser diode was used for the initial evaluation. For convenience, a broadband laser source was also used in some tests. The first grating (the reference grating) provides a narrow-band reflected signal that is referenced to room temperature and is terminated by an attenuator to avoid excessive back reflection of unwanted wavelengths from the light source. The second grating (the active grating) was mounted in a rigid fitting which is connected to the respiratory mask in a way that isolates the grating from any strain effects. When the active grating is at room-temperature, its Bragg wavelength closely matches that of the reference grating, which gives a minimum transmission output. During exhalation, warm air is passed over the active grating. Its Bragg wavelength shifts with respect to the reference wavelength and the photodiode records an increased level of transmitted light. All signals are recorded by a PowerLab (ADInstruments Pty Ltd). Low-cost optical interrogation system for monitoring respiration with fibre Bragg gratings.
C. Sample performance for human respiration
Figure 2(a) shows the results for a sequence of normal breaths over 30 seconds, while Figure 2 (b) shows the results for heavy breathing during exercise over the same time period. Expiration starts when the curve drops to a minimum and ends when the curve reaches a maximum. Inspiration is vice versa. The optic sensor is fast enough to monitor breathing up to a rate of approximately 30 breaths per minute and the baseline output level is stable over periods of up to 30 minutes. When the breathing rate increases, the time between inspiration and expiration will decrease; hence the first derivative of the response might be a good indicator of flow rate (See Section III).
D. Region of linear response
Ignoring side lobes in the reflection and transmission spectrum, we can assume the spectral profile of the FBG to be Gaussian shaped. The overall output intensity illuminating the detector is the convolution of the reflected intensity and Sample results for (a) slow and (b) fast breathing.
transmitted profile at each wavelength, and the profile of the observed intensity pattern with respect to wavelength shift is therefore also Gaussian shaped (Fig.3) . As a result, if the two gratings have a Bragg wavelength difference of around 0.10 nm when they are both at the same temperature (i.e. a slight mismatch), then the sensor will be able to provide a reasonably linear response over a 15-20°C range as shown in the shaded area of Fig.3 . 
A. Theory of heat transfer into fibre core
To be able to predict flow rate with the fibre optic sensor, the process of heat transfer from the surrounding medium into the fibre core must be considered.
If the fibre optic sensor is exposed to a forced convection environment, then heat convected into the fibre surface should be equal to the heat conducted into the surface through a fluid boundary layer where the speed of the fluid is assumed to be zero [2] . For a cylindrical geometry with a diameter that is small compared to the length, the temperature T is a function of time t and a radial location within the fibre r, and can be written in the following form
where R refers to the radius of the optical fibre, f is the thermal conductivity of the fibre, is the thermal diffusivity and K h is the convection heat transfer coefficient. The thermal diffusivity can be derived from the following equation [3] :
where is the thermal conductivity of the fluid, D is the diameter of the fibre, k µ is the fluid viscosity, Re D is the Reynolds number which is proportional to flow rate and c p is the specific heat. The constants C and n are determined by the Reynolds number.
The first group of variables in (2) is known as the Biot number. In the current system, the Biot number is less than 0.1 and so the thermodynamic system can be treated as a lumped heat capacity system (LHCS) [4] . Therefore the relationship between final temperature and time can be described as
where T 0 is the temperature of the fibre core relative to that of the surrounding fluid, T i is the initial core temperature relative to the temperature of the fluid, and a is a constant.
B. Response time
The response time changes if the fibres are recoated. The response time dropped from 4 ms for an uncoated fibre to 38 ms for a recoated fibre when they were both dipped into hot water from room temperature air. The slower response is mainly due to the increased diameter around the grating section for this LHCS. However, the slower response time is still fast enough to monitor human respiration.
Theoretical calculations of the response time of a recoated fibre, which is immersed in different fluids with different flow rates, are useful for understanding the effect of the flow rate of the surrounding fluid on the sensor response. Based on the thermodynamic theory, the response time of a recoated fibre can be determined by first using (3) to work out K h and then substituting this into (4). Table I . Different response time and convection heat transfer coefficients under two fluids and two different flow rates
C. Flow rate
Based on the theory of heat transfer, the flow rate can be determined from the first derivative of the response. Under the LHCS approximation, the time constant h aK in (4) can be derived by fitting the output response with an exponential model, and then using (3) to determine the flow rate.
Another option is to use the first derivative of the response (i.e. the first derivative of (4)) directly, and this option is currently under investigation. The maximum amplitude of the first derivative should provide a good indication of flow rate, and a commercial breathing simulator has been used to test this hypothesis. The simulator can produce realistic inspiration patterns and a controlled peak flow rate for each inspiration cycle. The relationship between peak flow rate and the amplitude of the first derivative of the response from the fibre optic sensor is shown in Fig. 4 . Apart from confirming that the response time decreases as the peak flow rate increases, these results suggest that the maximum slope of the response from the optic sensor can also be used to estimate the peak flow rate. Relationship between the maximum of the first derivative of the sensor response and peak flow rate.
IV. CONCLUSION
In this paper, we have briefly outlined a novel fibre optic technique for monitoring human respiration via temperature measurement. A standard phase mask technique is used to manufacture "matched" fibre Bragg grating sensors. To make the system work in a linear response, the Bragg wavelengths of the two gratings are slightly mismatched. The prototype of the respiration monitoring system is also described. The difference in Bragg wavelength between recoated and uncoated fibres is negligible; however, the response time after recoating is decreased by a factor of 10.
To predict flow rate with the optical sensor, a study of heat transfer into the fibre core has been performed and shows that the temperature response of the fibre core has an exponential relationship with time, when the sensor is subjected to an abrupt change in temperature of the surrounding fluid. If the optical fibre sensor can be considered to be a lumped heat capacity system, the convection heat transfer coefficient and response time can be easily calculated. Based on this analysis, experimental results obtained from a controlled breathing simulator suggest that the peak flow rate can be estimated from the sensor response.
In the future, the systematic response of the sensor will be investigated. A breathing simulation system has been set up to generate reproducible breathing cycles and variable breathing rates, flow rates and volumes. In addition, some testing will be performed with human subjects to see if the sensor is able to work effectively under different clinical conditions.
As the laser source of our system is not very portable, it might be advantageous in future to shift the operating wavelength to 780 nm -a wavelength where high luminance LEDs and sensitive silicon photodetectors are readily available. This could also lower the cost of the respiration monitoring system.
